[1] Large-eddy simulation (LES) of atmospheric boundary layer (ABL) flow is 8 performed over a homogeneous surface with different heat flux forcings. The goal is to test 9 the performance of dynamic subgrid-scale models in a numerical framework and to 10 compare the results with those obtained in a recent field experimental study (HATS 11 (Kleissl et al., 2004)). In the dynamic model the Smagorinsky coefficient c s is obtained 12 from test filtering and analysis of the resolved large scales during the simulation. In the 13 scale-invariant dynamic model the coefficient is independent of filter scale, and the scale-14 dependent model does not require this assumption. Both approaches provide realistic 15 results of mean vertical profiles in an unstable boundary layer. The advantages of the 16 scale-dependent model become evident in the simulation of a stable boundary layer and in 17 the velocity and temperature spectra of both stable and unstable cases. To compare 18 numerical results with HATS data, a simulation of the evolution of the ABL during a 19 diurnal cycle is performed. The numerical prediction of c s from the scale-invariant model 20 is too small, whereas the coefficients obtained from the scale-dependent version of the 21 model are consistent with results from HATS. LES of the ABL using the scale-dependent 22 dynamic model give reliable results for mean profiles and spectra at stable, neutral, and 23 unstable atmospheric stabilities. However, simulations under strongly stable conditions 24 (horizontal filter size divided by Obukhov length >3.8) display instabilities due to basic 25 flaws in the eddy viscosity closure, no matter how accurately the coefficient is determined. 
[2] In large-eddy simulation (LES) of turbulent flows, a 33 subgrid-scale (SGS) model accounts for the effect of the 34 small scales (smaller than the grid size D) on the (simulated) 35 resolved scales. Resolved scales are defined conceptually by 36 filtering the velocity and scalar fields at the grid scale
38 where e u is the filtered velocity and F D is the (homogeneous) 39 filter function at scale D. The most commonly used 40 approach for parameterization of the SGS stress t ij = 41 f u i u j À e u i e u j is the Smagorinsky model [Smagorinsky, 1963] :
43 e S ij is the strain rate tensor, j e Sj = ffiffiffiffiffiffiffiffiffiffiffi ffi 2 e S ij e S ij q is its magnitude, 44 and n T is the eddy viscosity. The Smagorinsky model 45 includes a parameter c s (D) , the Smagorinsky coefficient, 46 which needs to be specified to complete the closure.
47
Accurate specification of this parameter is of paramount [Lilly, 1967; Mason, 1994] and also from models for the 53 effects of stratification and shear upon the turbulence [Hunt 54 et al., 1988; Deardorff, 1980; Canuto and Cheng, 1997; 55 Redelsperger et al., 2001] . As a consequence, in simulations Turbulence Study (HATS) [Horst et al., 2003] horizontal grid spacings used in the LES of this paper.
163
Furthermore, in the LES, the basic length scale used in the 164 definition of eddy viscosity (e.g., equation (2) [Deardorff, 1974; Scotti et Parlange [1999a, 1999b] .
The variable e q 0 = e q À h e qi x,y describes temperature is the SGS heat flux
where Pr SGS is the turbulent SGS Prandtl number, which is 247 set to Pr SGS = 0.4. This is a value often used for neutral 248 conditions [Kang and Meneveau, 2002, Figure 9b] convective terms and the SGS stress are dealiased using the 260 3/2 rule [Orszag, 1970] . Message passing interface (MPI) 261 was implemented to run the simulation in parallel mode on 262 supercomputers.
263
[14] As in equation (2), D in equation (18) is defined as
, while results will be reported as function of and imposed stress at the bottom, and zero stress and zero W06D10
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273 vertical velocity at the top. The surface shear stresses are 274 prescribed using Monin-Obukhov similarity law:
278 where e ðÞ represents a local average from filtering the 279 velocity field at 2D (see Bou-Zeid et al. [2005] for more 280 details about the need for such filtering). The roughness 281 length at the surface is set to z o = 0.02 m, equivalent to the 282 value determined from the HATS data, and van Karman's 283 constant k = 0.4. The flux profile functions in unstable 284 conditions are given by Dyer [1974] with the correction by 285 Hogstrom [1987] , while in stable conditions we use the 286 formulation by Brutsaert [2005] :
[16] The y m functions are determined as follows:
298
[17] These wall models are themselves parameterizations 299 for unresolved near-surface fluxes occurring at scales below 300 the first grid point and involve a series of modeling 301 uncertainties. For a discussion, see, for example, Piomelli 302 and Balaras [2002] .
303
[18] Near the top boundary of the domain, a numerical 304 sponge is applied to dissipate energy of gravity waves 305 before they reach the upper boundary of the domain 306 [Nieuwstadt et al., 1991] . The sponge treatment is 307 applied to the four uppermost levels of the grid. All simulations were conducted in a domain of 4000 Â 4000 Â 2000 m and at a resolution of 160 3 . ''DYN'' abbreviates the Lagrangian scaleinvariant dynamic simulation, while ''SD'' abbreviates the Lagrangian scale-dependent dynamic simulation. The time period of the simulation used for the quantitative analysis is given by t avg . The inversion height z i was determined as the location of minimum heat flux for the unstable simulations and as the location where the momentum flux is 5% of its surface value in the stable simulations.
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359 limit the vertical growth of the boundary layer in unstable 360 conditions. The geostrophic velocity is (u g , v g ) = (8, 0) m s À1 .
361 3.1. Simulations for Unstable Conditions
362
[22] Vertical profiles for the simulations of unstable 363 conditions for both models are shown in Figure 1 . The 364 stability parameter L $ À42 m (D h /L $ À0.60) indicates 365 unstable conditions. The height of the capping inversion z i 366 is often defined as the location of minimum heat flux 367 (Figure 1c ). This occurs at z i $ 855 m for both simulations. 368 In general, the results for the scale-invariant and scale-369 dependent SGS models are quite similar. In unstable sim-370 ulations at high resolution, the SGS do not contain much 371 energy. Thus the SGS model's influence on the profiles of 372 mean quantities, variances, and covariances is limited, 373 except near the land surface.
374
[23] In Figure 1a it can be seen that in stable conditions 375 and near the surface the Smagorinsky coefficient becomes Figure 1f . As expected, they follow empirical 417 functions (equation (21)) in the surface layer (z < 150 m), 418 although some oscillations near the surface are observed.
419
[25] While the correct representation of the mean profiles 420 by the SGS model is important, better information on the 421 correct representation of turbulent structures can be 422 obtained from the velocity spectra. For unstable conditions, 423 but shear-dominated flow (as in the surface layer) one 424 would expect to see a À1 scaling in the production range 425 (large scales) and an inertial subrange with a À5/3 power 426 law. In buoyancy-dominated flow (e.g., above a height 427 equal to the Obukhov length) the inertial subrange extends 428 to smaller wave numbers and the À1 power law in the 429 production range may not be observed [Stull, 1997] . Table 1 ). In contrast to the unstable 470 simulations, here the mean profiles from the SD and DYN 471 simulations are markedly different. In stable boundary 472 layers, the SGS contain a significant amount of the total 473 turbulence kinetic energy [Beare et al., 2006] . Thus the 474 quality of the SGS model will have a greater influence on 475 the overall simulation results.
476
[28] The most important distinction is that the stable 477 boundary layer has grown higher in the DYN simulation 478 than in the SD simulation. This is expected, since the 479 reduction in turbulence kinetic energy due to the larger 480 c s (D) in the scale-dependent model leads to a slower growth 481 of the stable boundary layer. Boundary layer growth has 482 been identified as a key parameter in a stable LES inter-483 comparison study [Beare et al., 2006] . However, even the 484 profiles normalized by z i do not collapse, indicating a 509 but the lower wave number end becomes larger for increas-510 ing stability [Stull, 1997] . Similar to the results for unstable 511 conditions, the spectra for the DYN simulations are flat, 512 while those of the SD model are steeper, in general closer to 513 the expected k À5/3 scaling in the inertial range.
514
[31] In summary, we conclude that the LES with the 515 Lagrangian scale-dependent dynamic SGS model captures 516 the main features of stable and unstable boundary layers. 517 The choice of SGS model does not influence the mean 518 profiles in the unstable case, where the scale-dependent and 519 scale-invariant models predict essentially similar mean 520 velocity and temperature gradients. However, the velocity 521 spectra in stable and unstable conditions indicate that the 522 scale-dependent dynamic model represents the turbulence 523 structures more faithfully. [32] Here our goal is to compare the Smagorinsky coef-529 ficients obtained from the dynamic and scale-dependent 530 dynamic models during the simulation of a diurnal cycle 531 to HATS measurements. The HATS data set includes data 532 from a wide range of stability conditions (1 < D h /L < 10, 533 KMP03). The LES data set is based on the simulation 534 presented in detail by Kumar et al. [2005] , where it is 535 suggested that under very stable conditions (typically 536 D h ) L), LES based on the Smagorinsky eddy viscosity 537 parameterizations display instabilities, although the scale- . The ratio of the scale-dependent and scale-575 invariant c s (D) (not shown) is largest near the top of the stable 576 boundary layer with a value of $2, and in daytime near the 577 surface and in the entrainment layer with a value of $1.5. 578 While c s (D) during the morning transition is similarly predicted 579 by the two SGS models, the evening transition from large c s (D) 580 to small c s (D) is prolonged when using the scale-dependent 581 formulation. Larger Smagorinsky coefficients in the nocturnal 582 boundary layer will result in slower boundary layer growth, as 583 observed in section 3.2.
584
[36] Next, the LES results are compared to the HATS data 585 fit (equation (14) 591 continues to increase with increasingly unstable atmospheric 592 conditions for both models, while the empirical formula is 593 constant for L < 0.
594
[37] The other important observation from Figure 8 is a 595 delay in the response of the Smagorinsky coefficient to 596 changing surface conditions at greater heights (smaller D h /z). 597 In Figure 8a , D h /L collapses the data for z = 6.3 m (D h /z = 4) 598 reasonably well. At greater heights, however, two signifi-599 cantly different values are obtained for c s (D) depending on 600 whether it is the morning or evening transition (hysteretic 601 behavior observed in Figures 8b and 8c ). This behavior is 602 physically expected due to the following considerations: In 603 the early morning the instability increases rapidly with time. 604 Since it takes some time for the turbulence at a greater 605 height to adjust to the new conditions at the surface, the 606 stability conditions at greater heights are less unstable than 607 those close to the surface. This difference is extreme at a model . In unstable conditions, the 
